The kinetics of host RNA synthesis, as measured by pulse-label kinetics and RNA-DNA hybridization, is inhibited 10-fold shortly after infection with bacteriophage P22. This early inhibition lasts through the first 6 min of infection and affects not only RNA synthesis but several other energy-requiring cellular functions. In lysogenic infections, the rate of bacterial transcription rapidly recovers to the value of uninfected controls. In lytic infections, the rate of host transcription increases only to about 20 to 25% of the original level, indicating a second mechanism for the inhibition of RNA synthesis in the lytic response. The early inhibition is multiplicity dependent, chloramphenicol insensitive, and independent of phage gene 24. The lytic inhibition is dependent upon the expression of gene 24 but independent of gene 23.
The kinetics of host RNA synthesis, as measured by pulse-label kinetics and RNA-DNA hybridization, is inhibited 10-fold shortly after infection with bacteriophage P22. This early inhibition lasts through the first 6 min of infection and affects not only RNA synthesis but several other energy-requiring cellular functions. In lysogenic infections, the rate of bacterial transcription rapidly recovers to the value of uninfected controls. In lytic infections, the rate of host transcription increases only to about 20 to 25% of the original level, indicating a second mechanism for the inhibition of RNA synthesis in the lytic response. The early inhibition is multiplicity dependent, chloramphenicol insensitive, and independent of phage gene 24. The lytic inhibition is dependent upon the expression of gene 24 but independent of gene 23. The effects of viral infection on host RNA synthesis have been studied extensively for Escherichia coli bacteriophage T4 (1, 10-12, 15, 19, 22, 26, 31, 32, 34, 35, 39, 41) , for T7 (4, 5, 17) , and for some of the phage of Bacillus subtilis (27) . To a lesser degree, these effects have been examined for the temperate phage lambda of E. coli (3, 9, 40) and P22 of Salmonella typhimurium (6) (7) (8) 29) . Work with T4 indicates that two different mechanisms are used by the phage to inhibit RNA synthesis (1, 10, 11, 26, 39) . The first acts almost immediately after infection and inhibits not only RNA synthesis but also DNA and protein synthesis and other energy-requiring processes in the cell (10, 26) . This general shutoff of energy-requiring processes does not require phage protein synthesis (26) , is dependent on phage multiplicity (10, 11, 26) , and can be induced by T4 ghosts (10, 11) . This process has been compared with the similar shutoff induced by colicins (10, 26) . A second inhibition of RNA synthesis in phage T4 has also been described (1, 39) and may reflect the phage-directed alterations of the RNA polymerase of the host (15, 19, 31, 35) or changes in the host template (34, 41) . The picture with bacteriophage X is not as clear. However, there also appear to be two mechanisms by which the phage can inhibit host RNA synthesis (9, 40) , and they resemble those that have been more extensively studied in T4. In this paper we describe the effects of lytic and lysogenic infections with the temperate bacteriophage P22 on transcription in S. typhimurium. Bacteriophage P22 also appears to inhibit host RNA synthesis by two different mechanisms, and in several respects they resemble those seen with T4 and A.
MATERIALS AND METHODS
Bacterial and phage strains. Bacterial strains were derived from S. typhimurium LT2. Strain DB5547 (strA47) from D. Botstein was used as the restrictive host for infection of P22 amber mutants (18) . Strain RR4 is a prototrophic lysogen of wild-type P22 HI), and RR6 is a prototrophic lysogen of P22 sieA6 int3 (DB103 from D. Botstein). Wild-type P22 (P22 H1) was obtained from J. Roth. P22 clear-plaque mutants cl-7, c2-5, and c3-32 were obtained from M.
Growth and purification of phage. High-titer stock solutions of bacteriophage P22 were routinely prepared as follows: an overnight nutrient broth culture of LT2 was diluted 100-fold into 1 (25) . When the DNA was analyzed by band sedimentation through self-generating NaI gradients (20) , it sedimented as a single sharp band with a molecular weight of 27 x 106. The DNA contained no single-strand nicks, as demonstrated by sedimentation through alkaline NaI gradients (20) .
Isolation of bacterial DNA. Bacteria (2 to 4 g, wet weight) were suspended in 10 ml of 2x SSC and allowed to slowly freeze. They were thawed at room temperature, and egg white lysozyme at 100 ug/ml was added. The cells were incubated for an additional 30 min at 37°C. Sodium dodecyl sulfate was added to a final concentration of 20 mg/ml, and the cells were lysed at 60°C. An equal volume of buffered 88% phenol was added, and the mixture was extracted for 20 min. The aqueous phase was removed, and the organic phase was back-extracted with an equal volume of 2x SSC. The two aqueous phases were combined and extracted several times with chloroform-isoamyl alcohol (25:1, vol/vol). Nucleic acids were precipitated from the final aqueous phase by the slow addition of 2 volumes of ice-cold 95% ethanol. The nucleic acids were recovered by centrifugation and allowed to redissolve in 10 to 15 ml of 0.1x SSC. The solution was then incubated for 1 h at 37°C in the presence of pancreatic RNase (RNase A) at 50 iLg/ml. Pronase and sodium dodecyl sulfate were added to final concentrations of 1 and 5 mg/ml, respectively, and the solution was incubated at 60°C for 30 min. The phenol and chloroform-isoamyl alcohol extractions were then repeated as described above. The DNA was precipitated from the final aqueous phase by the addition of 2 volumes of ice-cold 95% ethanol, recovered by centrifugation, redissolved in 10 to 15 ml of 0.lx SSC, and extensively dialyzed against 2x SSC. The DNA was stored in 2x SSC at 4°C over chloroform. DNA prepared in this manner has an Ano¢-to-A2eo ratio of 0.50 and contains no detectable protein when tested by the method of Lowry et al. (25) . The mean weight-average molecular weight of DNA thus prepared is 20 x 106as determined by band sedimentation through self-generating NaI gradients (20) . Each DNA preparation was assayed for DNase and RNase activity, and none was found.
Measurement of rates of total RNA and DNA synthesis in infected cells: pulse-label kinetics. The rate of RNA and DNA synthesis after infection was determined by exposing the infected cells to short pulses of [3H]thymidine and ['4C]uridine and following the incorporation of the respective labels into acidinsoluble material (28, 33) . Under the following pulselabeling conditions, incorporation of label was linear with time for 6 min, and the incorporation of either label in uninfected cells in a 1-min pulse was directly proportional to the cell density.
An overnight culture of LT2 was diluted 100-fold into prewarmed E medium containing 2% glucose and allowed to grow to an A60 of 0. were allowed to accumulate label for 1 min (unless otherwise noted), and the reaction was stopped by the addition of 2 ml of ice-cold 20% trichloroacetic acid containing unlabeled thymidine and uridine, each at 20 mg/ml. The tubes were maintained on ice for at least 1 h. The precipitated nucleic acids were collected on nitrocellulose filters, and the filters were washed with 20 ml of ice-cold 5% trichloroacetic acid. The filters were then dried in scintillation vials for at least 2 h at 80°C. A 10-ml amount of Aquasol II (New England Nuclear Corp.) was added to each vial, and radioactivity was determined in a Packard scintillation counter.
Labeling and isolation of RNA for hybridization: (i) pulse-labeled RNA. Bacteria were grown in E medium plus 2% glucose at 37°C to an A640 of 0.2. At this point, phage were added at an MOI of 20. At various times after infection, 5-ml portions were removed from the culture and placed in tubes containing 100 ACi of [3H]uridine (500 ,tCi/ml and 28 Ci/mmol). The cells were allowed to take up label for 1 min (unless otherwise noted). Incorporation was stopped by pouring the cells into a centrifuge tube (on ice) containing 5 ml of ice-cold E medium with 0.05 M NaCN. We have found that this process stops incorporation in less than 10 s. The cells were recovered by centrifugation at 10,000 x g for 10 min. Lysis of the cells and the extraction of RNA with diethyl pyrocarbonate were carried out as described by Summers (38) .
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After the final ethanol precipitation, the RNA was redissolved in 2 ml of 10 mM Tris-hydrochloride, pH 7.5-10 mM MgCl2 containing DNase I at 50 ytg/ml and incubated at 37°C for 30 min. Diethyl pyrocarbonate (150 ul) was again added to the solution, and the RNA was recovered as before (38) . The precipitated RNA was redissolved in and extensively dialyzed against 2x SSC. Each sample was then slowly filtered through six nitrocellulose filters to remove residual, tightly bound basic proteins (13) . The [3H]RNA was then stored in 2x SSC over chloroform.
The RNA isolated by this method had a specific activity of approximately 40,000 cpm/yg (for uninfected cells), with about 50% of the counts being represented by unstable species and 50% in stable species of RNA (data not shown). The A280-to-A26o ratio for each RNA sample was usually around 0.5, and no protein could be detected by the method of Lowry et al. (25) . Such RNA lacked both DNase and RNase activity. The properties of RNA prepared in this manner matched exactly the properties of RNA prepared by a similar method using phenol and chloroformisoamyl alcohol as deproteinizing agents. RNA prepared by either method gives broad, nondescript sedimentation patterns on NaI self-generating velocity gradients (20) . Recovery of acid-insoluble counts from cells is around 90% by both methods.
(ii) Uptake experiments. In some experiments, uptake of label from the medium into RNA was followed rather than the rate of synthesis. An overnight culture of bacteria was diluted 100-fold into prewarmed, supplemented E medium and allowed to reach an A&50 of 0.2. At this point, [3H]uridine (28 Ci/ mmol) was added to a concentration of 10 ytCi/ml. One minute later, the culture was infected with phage at an MOI of 20 . At various times after infection, 5-ml portions were removed from the culture, and the RNA was isolated as above. Under these conditions, using uninfected cells, label is taken up into RNA linearly for about 6 min.
RNA-DNA hybridization. RNA-DNA hybridization was carried out basically by the method of Gillespie and Spiegelman (14) . DNA, isolated as described above, was denatured at a concentration of less than 10 ,ug/ml by bringing the solution to a pH of 13 .0 with NaOH. The DNA was left at room temperature under these conditions for 30 min to 2 h. The solution was chilled and neutralized by the addition of NaH2PO4. Making the solution 0.4 M in NaH204 would usually suffice. The DNA was then passed very slowly over nitrocellulose filters. Only filters that wet completely in 2x SSC were used. The filters were then dried at room temperature for 4 h, followed by 80°C for 2 h.
Under these conditions, 100% of the DNA binds to the filter. The (Fig. lb, c, and d) . Shortly after infection there was a dramatic depression in the rate of total RNA synthesis. At 3 min the rate reached a minimum. RNA synthesis quickly recovered, and the rate of synthesis reached a maximum at 6 min. There was then another depression in the rate, with a minimum at about 10 min. This was followed by another burst of RNA synthesis which reached a maximum rate between 25 and 35 min and continued until cell lysis. The late peak of RNA synthesis seen in infections with P22 c2-phage (Fig. lc) was delayed by about 10 min. This delay is also seen in the appearance of lysozyme activity and P22-directed RNA synthesis, and a similar delay has been observed with the analogous Cl-mutants (28 synthesis. Figure 2a shows the kinetics of host RNA synthesis in a lysogenic infection of S. typhimurium. Host RNA synthesis was rapidly inhibited after infection and reached a minimal rate about 3 min after infection. This inhibition was fairly complete for 6 min, at which time RNA synthesis rapidly recovered to the normal (uninfected) rate. Recovery was complete by 20 min. In lytic infections (Fig. 2b, c, and d) , there was also a rapid and nearly complete inhibition of host transcription shortly after infection. Again RNA synthesis reached a minimum rate at 3 min after infection and stayed depressed until 6 min. At this time there was a partial recovery to 25 to 30% of the rate of uninfected controls. At about 10 min (again delayed for c2-infection) there was another inhibition of host RNA synthesis, and the rate gradually decreased until cell lysis. Thus, host transcription was inhibited in both lytic and lysogenic infections.
The inhibition at 3 min must be reversible, however, since host RNA synthesis totally recovered in the cases where infections led to lysogeny.
From the patterns of host RNA synthesis seen in the lytic response (Fig. 2b, c, and d) , there appeared to be two different inhibitions of host transcription, one at 3 min and another about 10 min after infection. The patterns of RNA synthesis were recorded for infections with P22 24-and 23-mutants to see whether early or late gene transcription is required for these inhibitions. The gene 24 product is necessary for both early and late gene activity (18, 24, 28, 36) , and the gene 23 product is required for late gene expression (2, 24, 28, 36) . Infections with a P22 23-mutant resulted in the inhibition of RNA synthesis at both 3 and 10 min (Fig. 3) . Therefore, any phage genes responsible for these effects must not be under the control of gene 23 The rate of total RNA synthesis was followed by the procedure described in the legend to Fig. 1 . Symbols: *, phage infected; 0, uninfected control. 0 later mechanism of inhibition was independent of MOI for MOIs up to 20 (data not shown).
The early inhibitory mechanism is independent of protein synthesis (Fig. 6a and b) . Host transcription measured by pulse-labeling with ['4C]uridine was inhibited in the presence of chloramphenicol (Fig. 6a) . Host DNA synthesis was also inhibited at the same time as shown in Fig. 6b (see also reference 33 ). There is also evidence that protein synthesis (7) and active transport of small molecules are also inhibited (29; M. Flick and R. H. Reeves, unpublished data). It is also apparent from Fig. 6a and b that recovery from the inhibition of both RNA and DNA synthesis did not occur in the presence of chloramphenicol. Thus, the early inhibition of host RNA and DNA synthesis does not require protein synthesis but recovery from this inhibition does.
To test whether phage DNA must enter the cytoplasm to effect the early inhibition, cells Host RNA synthesis very early after infection. The severity of the early inhibition of host RNA synthesis was highly dependent upon the MOI (Fig. 5) . A maximal inhibition of transcription was seen with MOIs above 20 A culture of LT2 was treated with chloramphenicol at a concentration of 200 pg/ml. Ten minutes after drug addition, the culture was infected with P22cl -7 at an MOI of 20. The rates of RNA synthesis (a) and DNA synthesis (b) were followed by the procedures described in the text. Symbols: 0, phage infected; 0, uninfected control.
carrying P22sieA + or sieA -lysogens were superinfected with P22, and the kinetics of RNA synthesis was followed. When a cell carrying a wild-type P22 lysogen (sieA+) is superinfected with P22, the superinfecting DNA is excluded from the cytoplasm and is eventually degraded in the periplasmic space (37) .
When a sieA + lysogen was superinfected with P22, no inhibition in the rate of RNA synthesis occurred (Fig. 7) . However, when a sieA -lysogen was superinfected, the early inhibition in host transcription was observed. Host synthesis recovered, however, because the second mechanism of inhibition was not expressed due to the immC system of the lysogen. These results suggest that the phage DNA must penetrate the cellular membrane for the inhibition to occur. Clearly, phage attachment and ejection of DNA are not enough. It is not clear whether the superinfecting DNA must be expressed or if mere penetration of the membrane is enough to cause the inhibition. The possibility that a phage protein or a low-molecular-weight substance, either associated with the DNA or injected with it, causes the inhibition and is sensitive to the sieA system cannot be excluded (see reference 21).
Kinetics of phage and host RNA synthesis very early after infection. To follow the kinetics of the inhibition of host transcription early after infection, short pulse-labels followed by RNA-DNA hybridization were used. Figure  8 shows the kinetics of phage and host RNA synthesis very early after infection. The rate of phage RNA synthesis increased slowly through the first 4 min of infection and then accelerated toward the early peak at 6 min. Host transcription continued normally for the first 90 s after infection and then was rapidly inhibited.
It has been reported that the observed early inhibition of RNA synthesis as measured by pulse-label kinetics in P22-infected cells is an artifact due to permeability effects (29) . Indeed, short pulse-labels are particularly vulnerable to such effects. If the uptake of macromolecular precursors were blocked, pulse-labeled kinetics would show a misleading apparent decrease in the rate of synthesis. To check this possibility, the following experiment was done. Cells were continuously labeled with [3H]uridine which was added 1 min before phage infection. The continuous incorporation of label into phage and host RNA was then followed by hybridization. If permeability effects predominate, both phage and host RNA synthesis will appear inhibited in this experiment. On the other hand, if the pulselabeling data reflect the rate of RNA synthesis, we might expect to see host transcription inhibited while phage RNA synthesis continues (Fig. 9) . Host RNA synthesis continued at a normal rate for 90 s after infection and then was rapidly inhibited. During the same time interval, the rate of phage transcription was increasing. It is important to realize that such an experiment does not rule out the presence of permeability fluctuations after P22 infection. These may indeed be present. However, these results clearly show, with the kinetics indicated by the pulselabel studies, that host RNA synthesis is inhibited independent of any such effects. DISCUSSION By the use of pulse-labeling with radioactive uridine followed by DNA-RNA hybridization, we have outlined the pattern of host-directed RNA synthesis after P22 infection. Our results show that P22 at high MOIs effectively shuts off host RNA synthesis within 2 min. This inhibition affects not only RNA synthesis, but also DNA synthesis (33) , protein synthesis (7), and active transport (29) , and closely resembles the early shutoff of energy-requiring processes observed with T4 infections of E. coli (10, 26) . The shutoff is multiplicity dependent and apparently independent of any phage-directed protein synthesis after infection. We have demonstrated that the inhibition of host RNA synthesis is not, as suggested by Chakravorty (29) , an artifact of the pulse-labeling technique. Although uridine uptake is inhibited after infection, the results (Fig. 9) clearly indicate that host RNA synthesis is also inhibited between 1 and 3 min. By examining all the host activities shortly after P22 infection, one might conclude that all energyrequiring processes in the cell are blocked for a 2-min period. However, one piece of evidence does not fit this description. The rate of phagedirected RNA synthesis (Fig. 9) accelerates during the same time period that host activities cease.
We have preliminary evidence that the cellular respiration rate is not altered during this time interval, but that a sharp drop in the nucleoside triphosphate pools in the cell does occur (M. Flick and R. Reeves, unpublished data). We have also found that the cell membrane leaks cations shortly after infection (Flick and Reeves, unpublished data). At the present time, we can only speculate on the mechanism for the inhibition of most of the energy-requiring activities of the cell. There appears to be a momentary uncoupling of oxidative phosphorylation after infection. A repair process dependent on protein synthesis appears to be necessary for the recovery of host-directed activities, as indicated by the results with chloramphenicol. A repair process is also indicated in the early inhibition of host functions in infections with T4 (reviewed in reference 10). At the present time, we cannot pinpoint the cause of this early inhibition, although the data suggest that DNA penetration of the membrane itself may be enough to induce an ionic imbalance that briefly upsets oxidative phosphorylation. The mechanism by which early phage-directed RNA synthesis escapes this general inhibition is not clear.
A second inhibition of host RNA synthesis at 10 min is evident in lytic infections of P22. The time of onset suggests that this inhibition is due to the expression of early P22 gene products, and it is observed in P22 23-infections but not in 24- infections. The inhibition is not complete, and we do not know at this time whether it is a VOL. 32, 1979 on October 27, 2017 by guest http://jvi.asm.org/ general inhibition of all host transcription or whether specific host transcripts are affected. This type of inhibition has also been reported in phage X (9, 40) .
We are presently emining the early inhibition to define the extent of host functions altered. We hope to determine whether the entry of the phage DNA itself or some substance entering with the DNA is responsible for the dramatic alterations of host activities.
